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Movement is thebehavioral outputof neuronal activity
in the spinal cord. Motor neurons are grouped into
motor neuron pools, the functional units innervating
individual muscles. Here we establish an anatomical
rabies virus-based connectivity assay in early post-
natal mice. We employ it to study the connectivity
scheme of premotor neurons, the neuronal cohorts
monosynaptically connected to motor neurons, un-
veiling three aspects of organization. First, motor
neuron pools are connected to segmentally widely
distributed yet stereotypic interneuron populations,
differing for pools innervating functionally distinct
muscles. Second, depending on subpopulation
identity, interneurons take on local or segmentally
distributed positions. Third, cholinergic partition cells
involved in the regulation of motor neuron excitability
segregate into ipsilaterally and bilaterally projecting
populations, the latter exhibiting preferential connec-
tions to functionally equivalent motor neuron pools
bilaterally. Our study visualizes the widespread yet
precise nature of the connectivity matrix for premotor
interneurons and reveals exquisite synaptic speci-
ficity for bilaterally projecting cholinergic partition
cells.
INTRODUCTION
The activity of a neuronal network is governed by synaptic
connections between neurons encompassing the circuit. The
firing of an individual neuron within a neural circuit is dictated
by the timed activity of its presynaptic neuronal population.
Much progress has been made investigating the rules and prop-
erties of connections between identified neuronal pairs using
electrophysiological and anatomical approaches (Klausberger
and Somogyi, 2008; Sakmann, 2006), advancing our under-
standing of how specific synaptic connections contribute to
circuit activity and function. However, the enormous diversity
in distinct presynaptic neuronal subtypes and the fact that cell
body location of interconnected neurons is often at a far distance456 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.make the comprehension of the overall connectivity scheme of
large cohorts of neurons a challenging task.
In themotor system,muscle contractions are controlled by the
timed activation of motor neurons in the spinal cord. Coherent
locomotor sequences are achieved by temporally appropriate
recruitment of motor neurons through the activity of presynaptic
neurons. In vertebrates, individual muscles are innervated by
motor neuron pools, the cell bodies of which are clustered in
stereotypic positions in the ventral horn of the spinal cord
(McHanwell and Biscoe, 1981; Romanes, 1964). The motor
neuron pool is therefore a critical functional unit in the organiza-
tion of the motor output system. Because its activity is controlled
by the cohort of premotor neurons, the last-order neurons estab-
lishing direct synaptic connections, understanding the connec-
tivity rules of defined premotor interneurons to functionally
distinct motor neuron pools is essential for understanding the
organization of the motor output system.
Many different spinal interneuron populations with direct
connections to motor neurons have been described, using elec-
trophysiological, anatomical, and genetic approaches. Electro-
physiological studies have categorized premotor interneurons
on the basis of excitatory or inhibitory neurotransmitter identity,
ipsilateral versus contralateral cell body position, and presyn-
aptic input from sensory, descending, or other sources, leading
to models of connectivity diagrams encompassing the core
circuits driving motor output (Grillner, 2006; Jankowska, 1992;
Jankowska et al., 2003; Kiehn, 2006; McCrea and Rybak,
2008; Windhorst, 1990, 2007). Two prime examples of inter-
neuron populations for which a high degree of synaptic speci-
ficity has been observed are the Renshaw cells establishing an
inhibitory feedback loop to motor neurons (Alvarez and Fyffe,
2007; Nishimaru et al., 2006; Renshaw, 1941; Windhorst, 1990)
and group Ia inhibitory interneurons relaying sensory reflex
inputs to motor neurons (Hultborn et al., 1971; Jankowska,
1992; Wang et al., 2008; Windhorst, 2007). In recent years, these
studies were complemented by a systematic analysis of distinct
spinal interneuron classes derived from four transcriptionally
defined progenitor domains in the ventral spinal cord (Jessell,
2000). These studies have begun to assign functional roles to
interneuron classes in locomotor output circuitry based on
developmental ontogeny (Goulding, 2009; Jessell, 2000; Kiehn,
2006; Stepien and Arber, 2008). Nevertheless, and in part
due to the extensive three-dimensional (3D) nature of the
connectivity matrix, overall distribution patterns and connection
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Premotor Neurons Revealed by Rabies Virusesspecificity of premotor neurons to defined motor neuron pools
are known for remarkably few of these either electrophysiologi-
cally or genetically defined premotor populations, prompting
us to develop a connectivity-based anatomical assay to begin
to address these questions.
The use of a variety of retrogradely and anterogradely
spreading transsynaptic viruses expressing fluorescent marker
proteins or other transneuronally transported tracers has per-
mitted anatomical visualization of connectivity within neuronal
circuits (Ekstrand et al., 2008; Jankowska and Skoog, 1986;
Ugolini, 2010). Because these viruses cross multiple synapses,
unambiguous identification of monosynaptically connected
presynaptic neurons has remained difficult. To overcome this
problem, a rabies virus-based transsynaptic system with exclu-
sive retrograde direction has been developed recently, allowing
the visualization of monosynaptically connected presynaptic
neurons in the cortex (Marshel et al., 2010; Wickersham et al.,
2007b). The system makes use of a modified rabies virus with
a genomic substitution in the gene encoding the envelope glyco-
protein (Gprotein) essential for transsynaptic spreading by a fluo-
rescent marker protein. G protein deletion does not interfere with
virus production in primarily infected neurons, but subsequent
infection of presynaptic neurons can only be achieved by
complementation with G protein expression (Marshel et al.,
2010; Wickersham et al., 2007b), thus introducing selectivity to
the system to visualize solely neurons presynaptic to the
neuronal population coexpressing G protein. One main goal of
this study was to adapt this transsynaptic rabies virus tech-
nology to its application in themotor system by targeting primary
infection and thus the source of retrograde spread to the motor
neuron pool as a defined functional unit.
In this study, we develop a method to visualize premotor inter-
neuronpopulationsconnected tomotor neuronpools using retro-
grade double-virus infection from defined target muscles in early
postnatal mice. We employ this method (1) to determine and
probe the reproducibility of 3D premotor interneuron distribu-
tions, (2) to visualize the local or distributed nature of defined
premotor interneuron subpopulations, and (3) to determine distri-
bution and connectivity rules of cholinergic premotor partition
cells, known to regulatemotor neuron excitability throughC-bou-
ton synapses with motor neurons (Conradi and Skoglund, 1969;
Hellstro¨m et al., 2003; Miles et al., 2007; Zagoraiou et al., 2009).
We find that virally labeled premotor spinal interneurons exhibit
highly reproducible and segmentally widespread distribution
patterns, but thesepatterns canbedistinct for premotor interneu-
rons connecting to motor neuron pools with different functions.
Within the cohort of premotor interneurons, defined populations
(Renshaw cells, Lhx3- or Isl1-derived interneurons) display cell
type-specific distribution patterns. Analysis of connectivity
between cholinergic partition cells and motor neurons reveals
the existence of ipsilaterally and bilaterally projecting popula-
tions, both with widespread rostro-caudal segmental origin, and
the latterwithpreferential connectivity to equivalentmotor neuron
pools bilaterally. Our study establishes the use of monosynapti-
cally restricted rabies viruses in the motor system, determines
the connectivitymatrix in themotor output system at high resolu-
tion, and makes use of this method to reveal rules of synaptic
specificity of one defined premotor interneuron population.RESULTS
G Protein Expression in Motor Neurons Allows Rabies
Virus to Spread to Spinal Interneurons
To determine whether glycoprotein-deficient rabies virus ex-
pressing mCherry (Rab-mCherry) can infect spinal motor
neurons retrogradely, we targeted viral injections to identified
limb muscles of mice and analyzed mCherry expression in the
spinal cord several days after muscle injections (Figure 1A). We
focused our initial analysis on injections of the Quadriceps (Q)
muscle, a dorsal thigh muscle of the hindlimb. Two to three
days after injection, we observed retrogradely labeled motor
neurons at lumbar (L) levels L3–L4 (Figures 1B and 1C) in the
spinal cord, in agreement with the described Q motor neuron
pool position (McHanwell and Biscoe, 1981). Expression of
mCherry remained confined to ChATon motor neurons and no
interneurons were detected upon Q intramuscular Rab-mCherry
injections (n = 6), but motoneuronal dendritic morphology was
readily detected (Figure 1C). We found that spinal motor neurons
persisted for at least 12 days after muscle injections, but there-
after started to degenerate, a time course similar to previous
observations in cortical slice experiments (Wickersham et al.,
2007b). We only observed successful retrograde infection of
motor neurons by intramuscular rabies injection from postnatal
day (p) p0 to approximately p10, after which the efficiency of
infection declined dramatically (data not shown). We therefore
carried out further injections at p7, a stage >10 days after cessa-
tion of neuronal birth in the spinal cord and at which many local
functional connections tomotor neurons are established (Gould-
ing, 2009; Kiehn, 2006; Ladle et al., 2007; Mears and Frank,
1997; Nishimaru et al., 2006; Wang et al., 2008).
We next developed a strategy permitting us to restrict expres-
sion of G protein to motor neurons infected by Rab-mCherry, but
avoiding G protein expression in spinal interneurons. To confine
G protein expression to motor neurons innervating muscles in-
jected by Rab-mCherry, we made use of the observation that
the replication-incompetent adeno-associated virus (AAV) sero-
type 6 efficiently delivers transgenes to motor neurons through
retrograde infection (Towne et al., 2010). Using the same
approach, we produced an AAV expressing G protein (AAV-G
protein), coinjected it with Rab-mCherry virus into the same
muscle (Figure 1D), and analyzed mCherry expression in the
spinal cord 8 days after coinjection of the two viruses. We found
that in addition to ChATon Q motor neurons, many interneurons
were now fluorescently labeled, also several spinal segments
away from the source motor neuron pool (Figures 1E–1G; n = 6).
These findings indicate that the Rab-mCherry virus can be
complemented successfully by the AAV-delivered G protein to
acquire transsynaptic spreading activity. In animals coinjected
with AAV-G protein and Rab-mCherry, the intensity of fluores-
cent protein expression in interneurons was similar to that of
motor neurons in animals injected only with Rab-mCherry
(Figure 1F), underscoring the transcriptional independence of
the rabies virus system from host cells (Wickersham et al.,
2007a, 2007b). Transsynaptically marked premotor neurons
form a dense network of axonal ramifications in the vicinity of
labeled motor neurons (Figure 1H), consistent with their connec-
tivity with motor neurons (Figure 1E). In a time course analysis,Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc. 457
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Figure 1. Viral Labeling of Premotor Interneurons from an Identified Motor Neuron Pool
(A) Diagram illustrating viral infection strategy used in this study. Intramuscular injection of G protein-deficient rabies virus expressing mCherry (DG protein
Rab-mCherry) leads to retrograde infection of motor neuron pool innervating injected peripheral muscle.
(B) Rab-mCherry injection into Q muscle results in Rab-mCherryon Q motor neurons (purple) in the spinal ventral horn, surrounded by noninfected ChATon motor
neurons (turquoise). Note absence of labeled interneurons.
(C) Cell bodies and dendrites of Rab-mCherryon Q motor neurons are labeled.
(D) Diagram illustrating monosynaptic, transsynaptic viral infection strategy used in this study. Intramuscular injection of DG protein Rab-mCherry in combination
with AAV-G protein leads to retrograde infection of motor neuron pool and associated premotor neurons (arrows illustrate transsynaptic spreading in
transverse plane).
(E) Diagram depicting 3D arrangement of motor neuron pools in the ventral spinal cord at limb levels (cervical: C1–C8; thoracic: T1–T13; lumbar: L1–L6) and
premotor neurons connected to the Q motor neuron pool (purple) innervating one hindlimb muscle.
(F and G) Transverse spinal cord section analyzed at lumbar level L3 shows labeling of premotor interneurons by Rab-mCherry (purple) connected to infected
ChATon Q motor neurons (yellow; G: high resolution of infected motor neuron), using the injection strategy described in (D).
(H) High-resolution analysis of Rab-mCherryon labeled axonal ramifications in close vicinity to infected Q motor neuron pool.
Scale bar, 130 mm in (B) and (C), 200 mm in (F), and 15 mm in (G) and (H).
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Premotor Neurons Revealed by Rabies Viruseswe found that the first interneurons were visible 6 days after
coinjection, and peak numbers of labeled neurons were
observed after 8 days. To avoid neuronal degeneration due to
long-term rabies virus infection, we therefore carried out further
experiments 8 days after intramuscular injections.
To begin to probe the robustness and reliability of the method,
we injected Q muscles bilaterally in individual mice with rabies458 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.viruses expressing fluorescent markers of different colors (Fig-
ure 2A). Using Rab-mCherry (right side) and Rab-GFP (left
side) viruses, each in combination with AAV-G protein injection,
we found that in these doubly rabies virus-injected mice, spinal
interneurons labeled by Rab-mCherry and Rab-eGFP were
distributed in a bilaterally symmetrical pattern (Figures 2A
and 2B). Artificial superimposition of images acquired from
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Figure 2. Bilateral Virus Injections Reveal
Symmetrical Premotor Interneuron Distri-
bution
(A–C) Bilateral intramuscular injections of DG
protein Rab-GFP and AAV-G protein into left Q
muscle (turquoise) and DG protein Rab-mCherry
and AAV-G protein into right Q muscle (purple).
(A) Diagram illustrating experimental strategy. (B)
Transverse spinal cord section revealing a
symmetrical distribution of premotor interneurons
(yellow dashed circles visualize analogous areas
in the spinal cord in which premotor interneurons
are grouped). (C) Artificial flipped overlay of
images shown in (B).
(D and E) Bilateral intramuscular injections as in (A)
but omission of AAV-G protein injection into left Q
muscle. Note absence of spread to premotor inter-
neurons from the left side, but labeled premotor
interneurons derived from spread initiated from
the right side (purple).
Scale bar, 150 mm.
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Premotor Neurons Revealed by Rabies VirusesRab-mCherry injections and mirrored images from Rab-eGFP
injections displayed in distinct colors showed clustering of
neurons in similar domains within the spinal cord (Figure 2C).
In particular, the majority of ipsilateral interneurons were found
in Rexed laminae VI, VII, and X, while contralateral interneurons
were mainly confined to Rexed lamina VIII and ventro-medial
lamina VII (Figures 2B and 2C). This contralateral population
included both excitatory (vGlut2on) and inhibitory (GAD67on)
interneurons (Figure 3L), consistent with previous observations
(Bannatyne et al., 2003; Quinlan and Kiehn, 2007). Unilateral
omission of AAV-G protein during injection resulted in spreading
of the rabies virus exclusively from the coinjected side (Figures
2D and 2E), further demonstrating the selective requirement of
G protein expression for the initiation of transsynaptic virus
spreading in motor neurons, even within one animal.
Together, these results show that intramuscular injection of G
protein-deficient Rab-mCherry or Rab-eGFP viruses in combi-
nation with AAV-G protein is well suited to uncover the distribu-
tion and identity of premotor interneurons. The establishment of
this dual virus-based method to visualize neurons monosynapti-
cally connected to defined motor neuron pools lays the ground
work for a detailed quantitative analysis of premotor interneu-
rons and their connections in the spinal cord.Neuron 68, 456–472,Monosynaptically Connected
Interneurons Are Revealed
by Transsynaptic Rabies Virus
To determine whether neuronal subpopu-
lations with previously described mono-
synaptic connections to motor neurons
can be observed by intramuscular virus
injections and to analyze their distribu-
tions, we next chose six such neuronal
populations: four spinal interneuron sub-
types, group Ia proprioceptive afferents,
and one supraspinal source. For each of
them, specific tools for molecular iden-
tification exist, allowing evaluation ofcolocalization between these markers and transsynaptically
transported rabies viruses.
Renshaw cells receive excitatory input by cholinergic motor
axon collaterals in the ventral spinal cord and in turn provide
feedback inhibition to motor neurons (Figure 3C) (Alvarez and
Fyffe, 2007; Windhorst, 1990). The cell bodies of Renshaw cells
are located in the ventralmost domain of Rexed lamina VII and
IX in close proximity to motor neurons and express the calcium
binding protein Calbindin (Figure 3A) (Alvarez et al., 2005). We
evaluated whether coinjection of Rab-mCherry and AAV-G
protein into limb muscles labels Renshaw cells transsynapti-
cally based on Calbindin expression and cell body position.
Of all mCherryon spinal interneurons analyzed at segmental
levels around the source motor neuron pool (Tri: C2–T8),
3.4% were Calbindinon Renshaw cells (Figure 3F). In addition,
all mCherry/Calbindinon Renshaw cells were located ipsilater-
ally and in close segmental proximity to the source motor
neuron pool, with a minority of them positioned slightly
caudally to the pool (Figure 3F). These findings are in agree-
ment with a wealth of electrophysiological studies demon-
strating that Renshaw cells establish exclusively ipsilateral
connections to local motor neuron pools (Alvarez and Fyffe,
2007; Windhorst, 1990).November 4, 2010 ª2010 Elsevier Inc. 459
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Premotor Neurons Revealed by Rabies VirusesUsing mouse genetic tools, a subset of V2 interneurons has
previously been shown to establish direct connections to motor
neurons (Al-Mosawie et al., 2007; Crone et al., 2008; Stepien and
Arber, 2008). We therefore evaluated whether V2 interneurons
derived from Lhx3on progenitor cells (Figures 3G and 3H) are
part of the premotor neuronal class revealed by monosynaptic
virus tracing. We employed a Cre-based developmental
lineage-tracing strategy, targeting nls-LacZ expression to V2
interneurons at postnatal stages by crossing Lhx3Cre mice with
a conditional reporter strain (TauLox-STOP-Lox-mGFP-IRESnlsLacZ)
(Hippenmeyer et al., 2005; Sharma et al., 1998), and coinjected
Rab-mCherry and AAV-G protein into the Q muscle. Excluding
labeled motor neurons identified by ChAT expression in Rexed
lamina IX, we found that 3% of all mCherryon spinal interneu-
rons at L1–L6 with solely ipsilateral distribution were derived
from Lhx3 progenitor cells (Figure 3H), and consistent with
previous observations (Crone et al., 2008), at least a fraction of
these neurons encompass the excitatory V2a subpopulation
marked by Chx10 expression (Figure S1 available online). In
addition, and unlike Renshaw cells, V2 interneurons directly
connected to Q motor neurons were not restricted to these
segmental levels, but were also found several segments rostrally
and caudally to the Qmotor neuron pool (L1–L2: 18%; Q pool L3:
30%; L4–L6: 52%), reminiscent of projection patterns described
for V2a interneurons (Dougherty and Kiehn, 2010).
We next investigated whether interneuron classes derived
from progenitor cells in the dorsal spinal cord also establish
direct connections to motor neurons. Interneurons emerging
from the dorsal progenitor domain dI3 marked by the expression
of the Lim-homeodomain transcription factor Isl1 (Goulding,
2009; Liem et al., 1997) represent an excitatory interneuron
subpopulation for which monosynaptic connectivity to motor
neurons has been proposed (T.V. Bui and R.M. Brownstone,
2009, Soc. Neurosci., abstract). We therefore induced expres-
sion of nls-LacZ in Isl1on dI3 interneurons by crossing Isl1Cre
mice with TauLox-STOP-Lox-mGFP-IRESnlsLacZ mice (Hippenmeyer
et al., 2005; Srinivas et al., 2001), and we coinjected Rab-Figure 3. Identification of Functionally and Molecularly Distinct Premo
Analysis of monosynaptic connectivity between specific motor neuron pool a
monosynaptically restricted transsynaptic viruses.
(A–F) Calbindinon Renshaw cells (turquoise; A, B, and E) are positioned ventro-m
identified using the monosynaptic rabies virus approach (purple in B and E; black
collaterals make monosynaptic connections to Calbindinon Renshaw cells, wh
between Renshaw cells (RC) and motor neurons, Renshaw cells are labeled by m
labeled Renshaw cell: yellow). (F) Analysis of transverse and longitudinal distri
neurons (black). Note that labeled Renshaw cells are found in close vicinity to th
(G) Diagram depicting developmental origin of interneuron classes (V0–V3; dI1–d
2008). V2 interneurons are marked by expression of Lhx3, and dI3 interneurons,
(H and I) Analysis of Lhx3-derived V2 (H) and Isl1-derived dI3 (I) interneurons prem
or Isl1Cre TauLox-STOP-Lox-mGFP-IRESnlsLacZ (I) mice. Overall distribution of LacZon neu
alized as transverse z-projection. LacZ (turquoise) and mCherry (purple) immuno
(J) Schematic diagram illustrates the central route of retrograde infection of pro
AAV-G protein into Q muscle (+AAV-G) results in labeling of PVon group Ia afferen
projecting axons (middle). In contrast, injection of solely Rab-mCherry into Q (A
Proprioceptive afferents are marked by expression of mGFP (membrane-tethere
(K) 5-HTon premotor neuron in the Raphe nucleus of the brainstemmarked by imm
illustrates 5-HT neuron positions in the brainstem marked by retrograde virus inf
(L) Contralateral (commissural) interneurons in contact with Q motor neurons can
(left), or inhibitory, as visualized in GAD67GFP mice (right).
Scale bar, 30 mm in (A) and (B), 10 mm in (D) and (E), 15 mm in (H), (I), (K), and (L),mCherry and AAV-G protein into the Q muscle. We found that
all Isl1on interneurons marked by Rab-mCherry expression
were located ipsilaterally, not exclusively confined to the
segmental levels of the Q motor neuron pool (L1–L2: 55%; Q
pool L3: 6%; L4–L6: 39%), and represented 2.6% of all
mCherryon spinal interneurons at L1–L6 (Figure 3I). These find-
ings provide evidence for direct connectivity of dI3 interneurons
to motor neurons and reveal the exclusive ipsilateral nature of
these connections.
Group Ia proprioceptive sensory neurons provide an important
source of premotor input to motor neurons and have been esti-
mated to account for1%–2%of all synapses onmotor neurons
(Burke and Glenn, 1996; Eccles et al., 1957; Ladle et al., 2007;
Wang et al., 2007; Windhorst, 2007). These observations promp-
ted us to determine whether proprioceptors genetically marked
in PVCre TauLox-STOP-Lox-mGFP-IRESnlsLacZ mice (Hippenmeyer
et al., 2005) can be labeled retrogradely from spinal motor
neurons upon coinjection of Rab-mCherry and AAV-G protein
into the Q muscle. mGFPon proprioceptive afferents enter the
spinal cord in a position lateral to the dorsal funiculus and
many display colocalization with mCherryon labeling, a pattern
not observed with solely Rab-mCherry injections (Figure 3J). In
addition, analysis of proprioceptor cell bodies in dorsal root
ganglia (DRG) revealed many mCherryon LacZon sensory
neurons in double virus-injected mice (Figure 3J), whereas only
very few were observed in control experiments, most likely due
to peripheral infection.
Lastly, mCherryon neurons were not restricted solely to spinal
levels. Upon intramuscular virus injection, we also detected
labeled neurons in the serotonergic (5-HTon) Raphe nucleus in
the brainstem (Figure 3K), a nucleus well known to establish de-
scending and direct connections to motor neurons in the spinal
cord (Holstege and Kuypers, 1987). In summary, our experi-
ments show that several neuronal populations for which mono-
synaptic connectivity had previously been demonstrated using
a variety of different methods can be reliably detected using
monosynaptically restricted rabies virus-based technology.tor Neurons
nd defined premotor neuron populations identified by molecular tools and
edially to lateral motor column ChATon motor neurons (purple in A) and can be
in D). (C) Diagram depicting Renshaw cell circuit (Renshaw, 1941). Motor axon
ich in turn inhibit motor neurons (purple). Due to monosynaptic connections
onosynaptic rabies virus tracing technology (retrograde dashed arrow, double
bution of Renshaw cells (turquoise), labeled transsynaptically from Tri motor
e source motor neuron pool.
I6) and motor neurons (Mn) (Goulding, 2009; Jessell, 2000; Stepien and Arber,
by Isl1 expression.
otor to Q motor neurons assayed in Lhx3Cre TauLox-STOP-Lox-mGFP-IRESnlsLacZ (H)
rons (gray) andmCherryon/LacZon neurons (black) in L1–L4 spinal cords is visu-
histochemistry to visualize double labeled premotor interneurons is shown.
prioceptive afferents from Q motor neurons. Coinjection of Rab-mCherry and
ts as visualized by expression of mCherry in DRG cell bodies (left) or centrally
AV-G) does not result in pronounced labeling of proprioceptive axons (right).
d GFP) and nls-LacZ in PVCre TauLox-STOP-Lox-mGFP-IRESnlsLacZ mice.
unohistochemistry to 5-HT (turquoise) andmCherry (purple). Overview diagram
ection.
be either excitatory, as visualized by Cre antibody labeling in vGlut2Cre mice
100 mm in (J) (left), and 80 mm in (J) (right). See also Figure S1.
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Figure 4. Reproducibility of Quadriceps Premotor
Interneuron Distributions
(A and B) Digitally reconstructed 3D distribution of spinal
interneurons premotor to Q motor neurons shown as
transverse (A) and longitudinal (B) projection at levels
T11–S1. Rostro-caudal extension of source motor neuron
pool (Q) is indicated in (B).
(C) Diagram illustrating Rexed lamina position in the adult
spinal cord to illustrate assignment of 3D coordinates.
Infection of motor neurons occurs in ipsilateral spinal
cord (red arrow) and positions in contralateral spinal cord
opposite to source motor neuron pool are assigned
negative values. Central canal (blue circle) is assigned
0::0 coordinates at the x::y level and rostralmost section
of a reconstruction is 0 at the z-level.
(D–F) Box plot showing percentage of ipsilateral and
contralateral rabies virus-infected premotor interneurons
(D), medio-lateral distribution densities (E), and 2D
transverse contour density analysis (F) for n = 6 Q 3D
reconstructions.
(G) Cross-correlation analysis of n = 6 Q premotor inter-
neuron distributions. Color scale to the right indicates
correlation values (all >0.9 for individualQ-Qcomparisons).
Neuron
Premotor Neurons Revealed by Rabies VirusesPremotor Interneuron Distribution of Q Motor Neurons
We next developed quantitative methods to assess the 3D distri-
bution of premotor interneurons labeled retrogradely from the
sourcemotor neuron pool. Comparison of positional coordinates
in three dimensions yields information about the rostro-caudal,
medio-lateral, and dorso-ventral distribution of Rab-mCherry
and Rab-eGFP labeled spinal interneurons. In addition, assign-
ment of such 3D coordinates allows an unbiased evaluation
of the reliability and reproducibility of the method upon viral
injections into a defined muscle in different mice.462 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.To reconstruct 3D digital coordinates of pre-
motor spinal interneurons and to quantitatively
assess their distribution, we acquired images
of transverse spinal cord sections of defined
segments around the Q source motor neuron
pool (T11–S1; Q pool L3/4; Figures 4A and 4B).
On individual transverse sections (x-y dimen-
sion), we set the central canal as the 0-0 coordi-
nate for the medio-lateral (x axis) and dorso-
ventral axis (y axis), with the y axis parallel to
the midline of the spinal cord and the x axis
orthogonal to it (Figure 4C). The 0 coordinate
for the rostro-caudal (longitudinal; z-axis)
dimension always marked the rostralmost
section of a reconstruction.
Using this method, we assigned 3D coordi-
nates to all interneurons labeled transsynapti-
cally upon viral injections into Q muscles (n = 6
mice). To visualize longitudinal and transverse
distributions of labeled interneurons, we plotted
projections of these data sets derived from indi-
vidual injections (Figures 4A and 4B). Ipsilateral
interneurons made up the majority of all premo-
tor interneurons (Figure 4D) and they were much
more broadly distributed along the medio-lateral and dorso-ventral axis than contralateral premotor
neurons. These were mainly confined to Rexed lamina VIII and
ventro-medial lamina VII (Figures 4A and 4C), although the ros-
tro-caudal distribution with respect to the source pool between
ipsilateral and contralateral interneurons was comparable
(rostral to Q [ipsi: 19% ± 6%; contra: 22% ± 5%]; Q level [ipsi:
35% ± 4%; contra: 27% ± 7%]; caudal to Q [ipsi: 49% ± 11%;
contra: 48% ± 12%]). To quantitatively assess variability in over-
all premotor interneuron distributions, we compared individual
experiments using correlation analysis, a method suitable for
Neuron
Premotor Neurons Revealed by Rabies Virusesextraction of common features from pairs of multivariate data
(Venables and Ripley, 2002). We found that individual Q premo-
tor interneuron distributions were highly correlated (r R 0.9;
Figure 4G). The high overall reproducibility of the method is
further underscored by the visualization of cell densities using
density distributions along one axis or contour plots at the trans-
verse level (Figures 4E and 4F). In summary, our experiments
demonstrate that coinjection of G protein-deficient rabies
viruses and AAV-G protein into defined muscles results in reli-
able and reproducible tracing of premotor interneurons in the
spinal cord.
Premotor Interneuron Distribution of Cutaneous
Maximus Motor Neurons
The establishment of a reliable method to map premotor inter-
neurons opens the possibility to compare the distributions of
interneurons controlling the activity of motor neuron pools inner-
vating muscles with distinct functions. Not all motor neuron
pools receive synaptic input from functionally analogous premo-
tor sources and this variegation in input specificity may con-
tribute to the observed differences in the activation of these
motor neuron pools (Eccles et al., 1957; Hultborn et al., 1971;
Ladle et al., 2007; Nishimaru et al., 2006; Wang et al., 2008;
Windhorst, 1990, 2007). For example, recent experiments
show that while Tri motor neurons receive direct input from pro-
prioceptive sensory afferents, cutaneous maximus (Cm) motor
neurons lack direct proprioceptive connections and instead
only receive sensory feedback through disynaptic or polysyn-
aptic pathways (Vrieseling and Arber, 2006). These findings raise
the question of whether premotor input to Tri and Cm motor
neuron pools may differ more fundamentally from that of only
proprioceptive input. We therefore analyzed and compared the
distribution of Tri and Cm premotor interneurons by injection of
Rab-mCherry and AAV-G protein into Tri or Cm muscles.
Tri and Cm motor neuron pools share similar rostro-caudal
positions (C7/8), and at these segmental levels, Cm motor
neurons are found in an extreme ventro-lateral position while
Tri motor neurons are located more dorsally (Figures 5A and
5B) (Holstege et al., 1987; Theriault and Diamond, 1988a; Vrie-
seling and Arber, 2006). Despite similar rostro-caudal motor
neuron pool positions, the distribution of premotor interneurons
was dramatically different between Tri and Cmmuscle injections
(Figures 5A and 5B). Tri premotor interneurons were positioned
over many segments both rostrally and caudally to the Tri motor
neuron pool with an extended distribution ipsilaterally and with
the peak of contralateral density confined to lamina VIII and
ventro-medial lamina VII (Figure 5A; analysis C1–T8). In contrast,
Cm premotor interneurons were located almost exclusively at
segmental levels overlapping with, and caudally to, the Cm
motor neuron pool, while spinal cord segments located rostrally
to the motor pool were devoid of Cm premotor interneurons
(Figure 5B). Further analysis showed that the majority of all Cm
premotor interneurons were positioned in the ipsilateral dorsal
spinal cord, which was also quantitatively confirmed on contour
plots and by cross-correlation analysis between Tri and Cm
(Figures 5A and 5C). The observation that Cmpremotor interneu-
rons are preferentially located in the dorsal spinal cord (Figure S2)
and at segmental levels C7–T3 is in agreement with a proposedmodel of how sensory feedback derived from the skin overlying
the Cm muscle drives activation of Cm motor output based on
functional mapping experiments (Theriault and Diamond,
1988b) (Figure 5D).
Cholinergic Partition Cells Segregate in Ipsilaterally
and Bilaterally Projecting Subpopulations
The transsynaptic virus tracing method established in this study
allows the visualization of the 3D nature of premotor interneuron
distributions and their connections in great detail. We therefore
next used this approach to determine the spatial distribution
and connectivity profiles of one defined spinal interneuron pop-
ulation involved in the modulation of motor output. Cholinergic
partition cells in Rexed lamina X are known to establish direct
connections to motor neurons through C-bouton synapses,
and to regulate motor neuron excitability by reducing afterhyper-
polarization (Conradi and Skoglund, 1969; Hellstro¨m et al., 2003;
Miles et al., 2007) (Figure 6A). Recent work revealed a role of
this neuronal population in modulation of locomotor behavior
(Zagoraiou et al., 2009), yet important aspects for understanding
the function of cholinergic partition cells, including segmental
distribution with respect to innervated motor neurons and the
specificity of synaptic connections to identified motor neurons,
remain uncharacterized.
To visualize partition cells monosynaptically connected to
defined motor neuron pools, we coinjected Rab-mCherry and
AAV-G protein into Q or Tri muscles, and evaluated the distribu-
tion of mCherryon neurons in Rexed lamina X marked by coex-
pression of choline acetyl transferase (ChAT) in these animals
(Figure 6B). We found that only a small fraction of all mCherryon
spinal interneurons fell into this category (Figures 6E and 6F; Q:
2.1%; n = 4 mice; Tri: 1.5%; n = 4 mice). Strikingly, however, not
all of thesemCherryon ChATon neurons were located ipsilaterally,
prompting us to quantify their 3D distribution in more detail. We
found that 75% of Q mCherryon ChATon neurons were located
ipsilaterally, whereas 25% of them were found contralaterally,
and a similar ratio was observed for partition cells premotor to Tri
motor neurons (Figures 6C–6F). In addition, Q partition cells were
found at levels T11-L6 (Figure 6G), an extent way beyond the ros-
tro-caudal segments at which the Q source motor neuron pool
was located. The distribution of cholinergic partition cells in rela-
tion to a defined motor neuron pool is thus strikingly different
from the local and purely ipsilateral positioning of premotor Re-
nshaw cells as described above (Figure 3F).
The observation that 25% of Q mCherryon ChATon neurons
were found contralateral to the source motor neuron pool raised
the question of whether this neuronal population exhibits an
exclusively contralateral axonal projection or whether, alterna-
tively, it projects bilaterally and makes connections to both ipsi-
lateral and contralateral motor neurons. To distinguish between
these two possibilities, we carried out two sets of experiments.
First, we performed bilateral injections into Q muscles, using G
protein-deficient rabies viruses expressing two distinct fluores-
cent proteins (Rab-mCherry: left; Rab-eGFP: right), both in
combination with AAV-G protein, reasoning that cholinergic
neurons expressing both mCherry and eGFP should only be
observed if neurons establish bilateral connections. Indeed, we
found that mCherryon eGFPon ChATon neurons were detectedNeuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc. 463
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Figure 5. Cm Premotor Interneurons Are Found in Dorsal and Caudal Position to the Pool
(A and B) Transverse, longitudinal, and transverse contour plot analysis of Tri (A) and Cm (B) premotor interneurons. Rostro-caudal extent of sourcemotor neuron
pools (Tri and Cm) is indicated on longitudinal projection plots.
(C) Cross-correlation analysis for Tri and Cm premotor interneuron distributions. Color scale to the right indicates correlation values.
(D) Proposed circuit diagram for skin reflexes controlled by Cm muscle contraction, based on monosynaptic rabies virus tracing experiments in this study and
previous functional studies (Theriault and Diamond, 1988b).
See also Figure S2.
Neuron
Premotor Neurons Revealed by Rabies Virusesin such experiments (Figure 6H), supporting a model of bilateral
connectivity. Second, we determined whether unilateral Rab-
mCherry injection combined with AAV-G protein marks contra-
lateral mCherryon terminals derived from cholinergic partition
cells in the vicinity of motor neurons. In these experiments, we
used the accumulation of vesicular acetyl-choline transporter
(vAChT) in C-boutons (Hellstro¨m et al., 2003) in combination
with mCherry expression to track these synaptic terminals.
Contralateral to the Q source motor neuron pool, mCherryon
vAChTon terminals were readily detected, as assumed to occur
for bilaterally projecting neurons (Figure 6I). Together, these
experiments provide strong support for the existence of a bilat-
eral connectivity pattern of a subpopulation of cholinergic inter-
neurons. Based on our results, we estimate that this bilaterally464 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.projecting population makes up approximately half of all cholin-
ergic partition cells in the spinal cord, while the remaining frac-
tion projects exclusively ipsilaterally.
Bilaterally Projecting Partition Cells Exhibit a High
Degree of Connection Specificity
To determine the synaptic connection specificity of bilaterally
projecting cholinergic partition cells to defined motor neuron
pools, we next analyzed the direct synaptic contacts established
between mCherryon vAChTon terminals and contralateral motor
neuron pools, marked by retrograde tracing from identified
muscles using fluorescent dextran dyes (f-dex) (Figure 7A). Q
and Adductor (AD) motor neurons in mice are bound by strong
rules of synaptic specificity at the level of sensory-motor
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Figure 6. Cholinergic Partition Cells Project across Segments and Bilaterally
(A) Diagram illustrating cell body position (Rexed lamina X) and projection trajectory of cholinergic partition cells giving rise to C-bouton synapses on motor
neurons (Mns).
(B) Analysis of cell body position of cholinergic partition cells (INs) in lamina X marked by ChAT (turquoise) and monosynaptic connectivity to Q motor neurons
using transsynaptic Rab-mCherry (purple). Yellow arrows point to ChATon mCherryon partition cells, which are found both ipsilaterally and contralaterally to the Q
source motor neuron pool. Dashed line marks midline.
(C–G) Digitally reconstructed 3D distribution of cholinergic partition cells premotor to Q (C, E, and G) and Tri (D and F) motor neurons shown as transverse (C and
D) and longitudinal (G) projection. Rostro-caudal extension of sourcemotor neuron pool (Q) is indicated in (G). Percentage of all rabies virus-infected interneurons
(E and F: top), and box plot of ipsilateral and contralateral percentage of rabies virus-infected premotor cholinergic partition cells (E and F: bottom), for Q (E) and
Tri (F) are shown.
(H) Diagram of experimental setup for bilateral intramuscular injection of rabies-GFP and AAV-G protein into right Q muscle (turquoise) and Rab-mCherry and
AAV-G protein into left Q muscle (purple), and analysis of ChATon cholinergic partition cells marked by both mCherry and GFP expression (bottom row).
(I) Diagram of experimental setup to analyze projections of cholinergic partition cells in the contralateral ventral spinal cord (top; box indicates area analyzed) and
immunohistochemistry detecting mCherryon (purple) terminals colocalized with vAChT (bottom) in the vicinity of contralateral motor neurons.
Scale bar, 220 mm in (B) (left), 100 mm in (B) (right), 25 mm in (H), and 2.5 mm in (I).
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Premotor Neurons Revealed by Rabies Virusesconnectivity, where Q sensory afferents establish strong direct
input to Q, but not AD, motor neurons (Mears and Frank, 1997;
Wang et al., 2007), raising the question of whether cholinergic
interneurons obey similar specificity rules for thesemotor neuron
pools. Q and ADmotor neurons lie at the same segmental level of
the spinal cord (L3), with the Q motor neuron pool adjacent and
positioned laterally to the AD pool (McHanwell and Biscoe,
1981). In synaptic reconstructions of contralateral f-dex motor
neurons, mCherryon vAChTon terminals transsynaptically labeled
from Q motor neurons were readily detected in direct contactwith Q motor neurons, whereas neighboring AD motor neurons
were sparsely contacted by these terminals (Figures 7B and 7C).
To quantitatively assess these differences, we determined a
‘‘Synaptic Filling Index’’ (SFI) as a measure for the percentage
of all vAChTon terminals found in contact with an analyzed motor
neuron (Figure S3) also marked by mCherryon (SFI 0: no vAChT
terminals are mCherryon; SFI 100: all vAChT terminals are
mCherryon). We carried out these experiments in animals in
which both Q and AD motor neurons were retrogradely labeled
by different f-dex dyes, allowing direct comparison of the SFINeuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc. 465
Aipsi-lateralcontra-lateral
functionally antagonistic [E, H]
functionally antagonistic
f-dex 1. Q 
2. TA
Rab-mCherry
+G
onvAChT
onmCherry
onmCherry
ipsi-lateralcontra-lateral
functionally equivalent [D, G]
functionally equivalent
1. Q 
2. TA
Rab-mCherry
+G
onvAChT
onmCherry
onmCherry
f-dex
1. Q  
2. TA
1. AD 
2. GS
ΔG-protein
Rabies-
+AAV-G
mCherryf-dextran
75%25%
onChAT
In
?
onvAChT
onmCherry
Q vAChT Q MN Q vAChT AD MN
0
10
20
30
40
0 10 20 30 40 50
Q
AD
E
synaptic
 filling 
index[%]
frequency
0
10
20
30
40
0 10 20 30 40 50
Q
GS
F
synaptic
 filling 
index[%]
frequency
synaptic
 filling 
index[%]
frequency
TA
TA
0 10 20 30 40 50
0
10
20
50
30
60
40
70
G J
Ksynaptic
 filling 
index[%]
frequency
0 10 20 30 40 50
0
10
20
50
30
60
40
70
TA
GS
H
synaptic
 filling 
index[%]
frequency
0 10 20 30 40 50
0
10
20
50
30
60
40
70
TA
AD
I
B
Q
Q
0
0
10
10
20
20
30
30
40
40
50
synaptic
 filling 
index[%]
frequencyD
C
Figure 7. Bilaterally Projecting Cholinergic Parti-
tion Cells Exhibit Synaptic Specificity
(A) Diagram of experimental setup to analyze specificity of
synaptic connections between bilaterally projecting
cholinergic partition cells and contralateral motor neuron
pools. Rab-mCherry and AAV-G protein are injected
ipsilaterally into defined muscles, and combined with
f-dex injection into defined contralateral muscles.
(B and C) IMARIS reconstruction of cholinergic inputs to
retrogradely labeled contralateral Q (B) and AD (C) motor
neurons (dark blue). Light blue indicates apposition
between vAChTon terminals and analyzed motor neuron,
and pink indicates vAChTon contacts also exhibiting
mCherry immunohistochemistry derived from bilaterally
projecting cholinergic partition cells marked by their direct
connection to Q motor neurons on the opposite side. Note
higher number of contacts to Qmotor neuron over those to
AD motor neuron shown.
(D–I) Quantitative analysis of synaptic filling index (SFI)
observed for connections between Q-labeled cholinergic
partition cells (D–F) to Q (D), AD (E), and GS (F) contralat-
eral motor neurons, and TA-labeled cholinergic partition
cells (G–I) to TA (G), GS (H), and AD (I) contralateral motor
neurons.
(J and K) Summary of connectivity diagram observed
between bilaterally projecting partition cells connected to
a particular motor neuron pool ipsilaterally to functionally
equivalent (J) and antagonistic (K) contralateral motor
neuron pools. A high connectivity index can be observed
for Q-Q and TA-TA connections (functionally equivalent;
J), but only a low connectivity index (depicted as dashed
line in contralateral projection of cholinergic interneuron)
is seen for Q-AD or TA-GS connections (antagonist).
Scale bar, 6 mm. See also Figure S3.
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Premotor Neurons Revealed by Rabies Viruseswithin individuals and thus assessing the terminals of the same
set of cholinergic partition cells. We found a median SFI of
21.1 for Q-Q contacts and only 1/56 Q neurons was not con-
tacted, whereas the median SFI for Q-AD contacts was only
2.6, and 21/48 AD neurons received no Q contact (Figures 7D
and 7E), indicating that a high degree of synaptic specificity
exists for these connections. We also assessed whether
Gastrocnemius (GS) motor neurons, positioned at the more
caudal L5 spinal level but exhibiting functional similarities with
Q motor neurons (Eccles et al., 1957), were contacted by Q
cholinergic terminals. We found that the SFI for Q-GS connec-
tions was not as high as for Q motor neurons, but much higher
than that for ADmotor neurons (SFI: 15.5; Figure 7F). These find-
ings show that bilaterally projecting partition cells connecting to
Qmotor neurons exhibit specificity rules with bilateral preference
for Qmotor neurons and functionally relatedmotor neuron pools.
To assess whether tight synaptic specificity represents
a general feature of bilaterally projecting cholinergic partition
cells, we set out to analyze cholinergic interneurons connected
to the Tibialis Anterior (TA) motor neuron pool, innervating a
calf muscle with antagonistic function to the GS. TA and GS
motor neuron pools are segmentally aligned (L4/5), in a dorsal
position characteristic for calf motor neurons (McHanwell and
Biscoe, 1981). While the median SFI for TA cholinergic input to
TA motor neurons we observed was 15.0 (n = 0/77 TA neurons
with 0 inputs), the vast majority of GS motor neurons were only
sparsely contacted by TA cholinergic axons with a median SFI
of 3.4 (n = 31/81 GS neurons with 0 contacts), and similarly
low values (SFI = 4.6) were observed for AD motor neurons
(Figures 7G–7I). Taken together, these findings demonstrate
that bilaterally projecting cholinergic partition cells show a strong
preference for establishing synaptic connections with function-
ally equivalent or related motor neuron pools bilaterally, but
avoid functionally antagonistic neighboring motor neuron pools
(Figures 7J and 7K).
Synaptic Specificity Is Shaped by Terminal Arborization
Sizes of Bilateral Partition Cells
We next assessed whether C-bouton synaptic specificity is
determined exclusively by the number of bilaterally projecting
partition cells contacting a particular motor neuron, or whether
in addition, cholinergic partition cells differ in terminal arboriza-
tion sizes. For this purpose, we reconstructed individual terminal
arborizations in cases where we were able to perform 3D axonal
reconstruction (Figure 8A), and determined the number of
mCherryon vAChTon presynaptic specializations encompassed
within an individual axon terminal arbor in contact with identified
motor neurons (Figures 8A and 8B). We found that Q cholinergic
interneurons establish the highest number of synapses per indi-
vidual axon arborizationwithQmotor neurons, whereas inputs to
AD motor neurons encompass fewer presynaptic terminals per
axon, and values to GS motor neurons were at intermediate
levels (Figures 8D–8F; mean number of contacts per n axons
analyzed: Q-Q: 5.5 ± 3.7, n = 44; Q-AD: 2.1 ± 1.3, n = 32;
Q-GS: 3.1 ± 1.2, n = 36; nonparametric t test, Wilcoxon: Q-Q
versus Q-AD: ***p % 0.001; Q-Q versus Q-GS: **p % 0.01;
Q-AD versus Q-GS **p % 0.01). Similarly, TA cholinergic inter-
neurons contact TA motor neurons with significantly larger ter-minal arborizations than GS or AD motor neurons (Figures 8G–
8I; mean number of contacts per n axons analyzed: TA-TA:
5.8 ± 2.5, n = 35; TA-GS: 2.7 ± 1.3, n = 46; TA-AD: 2.4 ± 1.2,
n = 34; nonparametric t test, Wilcoxon: TA-TA versus TA-GS:
***p% 0.001; TA-TA versus TA-GS: ***p% 0.001; TA-GS versus
TA-AD: not significant [ns]). In addition, average numbers of
terminal specializations on preferred motor neuron targets
were similar for Q-Q and TA-TA connections and encompassed
an average of five contact points (Figure 8C; Q-Q versus TA-TA:
ns). Our findings therefore support a model in which the absolute
number of premotor cholinergic interneurons contributes to the
observed synaptic specificity between bilaterally projecting
neurons and motor neurons, and in which the terminal arboriza-
tion patterns of individual cholinergic axons also represent an
element.
DISCUSSION
Movement is the final output of nervous system activity mani-
fested by timed muscle contractions initiated by innervating
spinal motor neurons. The activity of a motor neuron is directly
controlled by the cohort of associated presynaptic neurons. In
this study we establish an anatomical virus tracing-based assay
to reveal and study the spatial distributions and connectivity
rules between premotor interneurons and functionally identified
motor neuron pools. We discuss our findings in the context of
principles of general organization in the motor output system
and more specifically with a focus on connectivity and the roles
of neuromodulatory cholinergic interneurons.
Premotor Interneuron Distributions Revealed
by Transsynaptic Tracing
The transsynaptic virus-based method applied here permits
a global assessment of the 3D distributions of premotor neurons.
It demonstrates that while many premotor interneurons in the
spinal cord are positioned in segmental alignment with themotor
neuron pool they contact, the overall premotor interneuron
network distributes over many segments rostrally and caudally
to the pool. Despite this at first sight widespread distribution of
the network, parallel analysis of both the global 3D premotor
interneuron distribution and subpopulation identity within this
framework provides support for a highly specific and spatially
precise placement of premotor interneuron subtypes in the
motor output circuit.
A striking feature of both Q and Tri premotor interneuron
distributions is that 20% of all labeled interneurons are con-
fined to lamina VIII and ventro-medial lamina VII of the contralat-
eral spinal cord, with only a few in other scattered positions, an
observation consistent with previous studies in neonatal mice
(Quinlan and Kiehn, 2007). This area is essentially devoid of
labeled premotor interneurons ipsilaterally, suggesting the exis-
tence of a spatially delineated domain within the spinal cord,
dedicated to the preferential integration of information for direct
delivery to contralateral motor neurons, and an involvement in
left-right coordination. Neurons in this domain are known to
receive input from the reticular formation in the brainstem and
contain both excitatory and inhibitory commissural interneurons
with direct connections to contralateral motor neuronsNeuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc. 467
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Figure 8. Sizing of Terminal Arborizations of Cholinergic Partition Cells Contributes to Bilateral Synaptic Specificity
(A) Example of single axonal terminal reconstruction of rabies virus-labeled, bilaterally projecting cholinergic partition cell (turquoise) in contact with f-dex labeled
contralateral motor neuron (gray). Remaining noncovered vAChT contacts are shown in yellow (middle panel).
(B) Example of analysis of number of synaptic contact points of individual axonal terminals of cholinergic partition cells on contralateral motor neurons (purple and
turquoise represent different axonal terminals).
(C) Box plot showing analysis of number of synaptic specializations observed per reconstructed individual axon for all pairs analyzed as indicated.
(D–I) Frequency distributions of number of vAChT specializations per axon in all pairs analyzed with two reconstructed examples displayed to the right of
quantitative analysis. Pairs analyzed are: Q/ Q (D), Q/ AD (E), Q/ GS (F), TA/ TA (G), TA/ GS (H), TA/ AD (I).
Scale bar, 10 mm.
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Premotor Neurons Revealed by Rabies Viruses(Bannatyne et al., 2003; Jankowska et al., 2003; Kiehn, 2006;
Quinlan and Kiehn, 2007), as also observed in our experiments.
Confining specific interneuron subpopulations to restricted
spatial domains represents an elegant strategy to channel selec-
tive presynaptic input. Similar cellular mechanisms may be ex-
ploited by other premotor populations to assimilate dedicated
or private presynaptic channels.
Analysis of premotor interneuron populations connected to
functionally distinct motor neuron pools can also provide insight
into the organization and function of motor circuits. We found
that Cm and Tri premotor interneurons show major differences
in 3D arrangement. The dominant location for Cm premotor
interneurons is the ipsilateral dorsal spinal cord at the level and
caudal to the Cmmotor neuron pool. Many of these interneurons
are located in deep dorsal layers within the domain of vGlut1on
terminals (Figure S2), suggestive of direct input frommechanore-
ceptive sensory neurons (Luo et al., 2009), information which in
turn is conveyed directly to Cm motor neurons. Our anatomical
virus tracing experiments thus support experiments testing the
Cm-skin-reflex functionally (Theriault and Diamond, 1988b),468 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.and suggest the existence of a disynaptic circuit involved in
the activation of Cm motor neurons (Figure 5D). An important
avenue to pursue in the future will be the evaluation of whether
premotor interneuron populations connected to motor neuron
pools with finer degrees of functional nuances also show distinct
distribution patterns. This includes in particular a careful com-
parison of premotor interneurons connected to motor neuron
pools innervating extensor and flexor muscles, active in ipsilat-
eral alternation during many movements. As demonstrated for
the Tri-Cm analysis in this study, such experiments can also
provide important insight into regulatory input to premotor inter-
neuron populations and principles of circuit organization.
At an analysis level gated toward neuronal subpopulations,
while Renshaw cells are found exclusively ipsilaterally in close
motor neuron pool proximity, V2- and dI3-derived premotor
interneurons are positioned also solely ipsilaterally, but both
locally and several segments away from the innervated motor
neuron pool. Cholinergic partition cells on the other hand are
found both ipsilaterally and contralaterally, but again are not
confined to the level of the pool. In addition, long-distance
Neuron
Premotor Neurons Revealed by Rabies Virusespropriospinal interneurons of characteristic morphologies made
up a very small fraction of all labeled interneurons, providing
direct connectivity hubs between cervico-lumbar and lumbo-
cervical interneuron-motor neuron pairs (data not shown). These
findings support a concept of subpopulation-specific distribu-
tion patterns within the spinal premotor interneuron cohort
associated with a motor neuron pool.
Although the rabies virus technology has been praised for its
faithfulness in retrograde and synaptic spreading compared
with other transsynaptic virus techniques (Ugolini, 2010), careful
evaluation of results and possible future methodological im-
provement have to be kept in mind, as with all newly introduced
technologies. In our study, we provide evidence for reliable
visualization of several previously known premotor neuron
subpopulations, but one important future application of the
describedmethodwill of course be its exploitation as a discovery
tool for previously unknown premotor neuron populations.
Detailed future studies also using complementary tools on
individual populations will no doubt enlarge the know-how on
the reliability of rabies virus-based circuit tracing technology.
While we cannot exclude the possibility that certain premotor
neuron populations remain unlabeled in our experiments, we
have at present no evidence that neuronal populations without
synaptic connections to doubly infected neurons are labeled. A
recent study starting retrograde transsynaptic spread from
single cortical neurons observed only sparse labeling of presyn-
aptic neurons, and proposed that future work improving G
protein expression levels and additional mutations in the rabies
genome might overcome these problems (Marshel et al., 2010).
Finally, while connection specificity of several spinal premotor
interneurons in mice already appears to be in mature configura-
tion at neonatal stages (Mears and Frank, 1997; Nishimaru et al.,
2006; Wang et al., 2008), we cannot exclude the possibility that
certain premotor neurons revealed in our experiments are not
connected in their mature pattern yet.
Synaptic Specificity of a Cholinergic Neuromodulatory
Spinal Interneuron Population
Cholinergic partition cells provide direct neuromodulatory input
to motor neurons through C-bouton synapses, regulating motor
neuron excitability by reducing afterhyperpolarization (Conradi
and Skoglund, 1969; Hellstro¨m et al., 2003; Miles et al., 2007).
Recent studies demonstrate that partition cells represent a
subpopulation of V0-derived interneurons marked by the tran-
sient expression of the transcription factor Pitx2 (Miles et al.,
2007; Zagoraiou et al., 2009), and that these V0c interneurons
are involved in task-dependent motor neuron firing and muscle
activation (Zagoraiou et al., 2009). Yet, the synaptic connectivity
scheme in place between cholinergic partition cells and distinct
motor neuron pools has remained unaddressed.
Our findings provide evidence that cholinergic partition cells
can be subdivided into two approximately equally sized popula-
tions, one with entirely ipsilateral connections to motor neurons
and a second population with a bilaterally bifurcating connec-
tivity pattern to motor neurons. Furthermore, we found that the
cell bodies of both of these populations are not positioned exclu-
sively at the level of the innervated motor neuron pool, but also
several segments rostrally and caudally thereof. The distributedsegmental origin of C-bouton synapses as well as the observed
divergent connectivity scheme raises intriguing possibilities
about the regulation of this neuromodulatory input system by
upstream connections to cholinergic partition cells. While no
obvious overall differences in the nature of neurotransmitter
profiles of the input to cholinergic interneurons were observed
(Zagoraiou et al., 2009), it is entirely conceivable that such differ-
ences exist only at more subtle levels of input analysis. For
example, distinct sets of cholinergic partition cells could be
activated at different times, depending on the segmental origin
of input, yet lead to the regulation of the same downstream
motor neuron population. The two subpopulationswith divergent
projection patterns may also be regulated by differential
upstream input systems, allowing the activation of distinct motor
behavioral output (see below). We found that partition cells do
not receive synaptic input from any premotor interneuron popu-
lation labeled by transsynaptic viruses (data not shown),
excluding a regulation by bifurcating premotor interneurons
and pointing to synaptically more distant neuronal populations
at the core of cholinergic interneuron activation.
Previous evidence for the existence of bilaterally projecting
spinal interneurons with direct bilateral connectivity to motor
neuron pools is sparse. While bifurcating and bilaterally projec-
ting interneuron populations in the spinal cord are commonly
observed, most of them have been described to connect to
interneurons (Bannatyne et al., 2009; Jankowska et al., 2009).
Interestingly, however, it has been noted that axonal termination
patterns of bilaterally projecting interneurons frequently appear
to be symmetric on the two sides of the spinal cord, pointing
to a possible coordinator function to access certain interneuron
populations on both spinal sides (Jankowska et al., 2009). A
second rather unexpected trait of this neuronal population is
the high degree of synaptic specificity observed, with preferen-
tial targeting of corresponding motor neuron pools bilaterally.
Although a cholinergic interneuron population with local and
selective activity has recently been described to exist in the
cortex (von Engelhardt et al., 2007), neuromodulatory systems
often act through diffuse pathways and are not generally known
to exhibit a high degree of synaptic specificity (Lucas-Meunier
et al., 2003).
What could be the functional role of a bilaterally symmetric
and synaptically precise organization of cholinergic modulatory
input to motor neurons? By eliminating ChAT expression in all
partition cells to mute synaptic output, previous experiments
have demonstrated a role for these neurons in modulation of
extensor burst amplitude specifically during swimming, impli-
cating these neurons in task-dependent gain control of motor
output (Zagoraiou et al., 2009). These findings left open the
exciting possibility that partition cells with divergent projection
patterns (ipsilateral versus bilateral and targeting functionally
different motor neuron pools) may be differentially recruited
during alternate tasks to specifically modulate motor neuron
pools implicated in appropriate task execution. Bilaterally pro-
jecting partition cells with synaptic input to functionally equiva-
lent motor neuron pools might for example be used during
bilaterally symmetric movements or control of posture to modu-
late motor output, to prefigure coordinate and joint regulation of
the same muscle groups bilaterally. In support, in addition toNeuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc. 469
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Premotor Neurons Revealed by Rabies Virusesprecise synaptic targeting of limb-innervating motor neurons, we
also observed segmentally matched collaterals of bilaterally pro-
jecting partition cells to motor neurons of the median motor
column (data not shown), known to be involved in control of
posture. Bilaterally and ipsilaterally projecting partition cells
may also be activated by distinct upstream pathways, with
the ipsilateral population more geared toward the regulation of
left-right asymmetric movements. Our findings provide a
possible synaptic mechanism for how this neuromodulatory
system may mediate differential task dependence of gain
control, accessing exquisite sets of motor neurons with high
synaptic precision, a mechanism that may also be applicable
more generally throughout the CNS.
EXPERIMENTAL PROCEDURES
Mouse Genetics
Lhx3Cre (Sharma et al., 1998), Isl1Cre (Srinivas et al., 2001), PVCre (Hippenmeyer
et al., 2005), TauLox-STOP-Lox-mGFP-IRESnlsLacZ (Hippenmeyer et al., 2005),
GAD67GFP (Tamamaki et al., 2003), and vGlut2Cre (Borgius et al., 2010) mouse
strains have been described previously. All mouse strains were maintained on
a mixed genetic background (129/C57Bl6).
Virus and Retrograde Tracing Experiments
Rab-mCherry and Rab-GFP viruses were produced in BHK21 cells stably
expressing G protein for complementation to produce G protein pseudotyped
viruses as described (Marshel et al., 2010; Wickersham et al., 2007a, 2007b,
2010), and viral titers were determined using BHK21 cells and FACS analysis
as described (Wickersham et al., 2010). G cDNA (Wickersham et al., 2007b)
was cloned into pAAV-MCS (Stratagene) and AAV of serotype 6 was produced
at a titer of 3e1012 (Applied Viromics). For muscle injections, rabies viruses
were set to titers of 1e108 and complemented by equal volumes of AAV-G
protein for transsynaptic labeling experiments just prior to muscle injections.
Injections were targeted to defined muscle groups, including all separate
muscle heads with anatomical separation (e.g., Q, Tri, GS), with 5 ml of mixed
virus solution (or where indicated 2.5 ml of rabies virus only) used for individual
muscle injection experiments at p7. Animals were sacrificed 8 days following
virus injection at p15 upon Ketamine (Vetoquinot AG)/Xylazine (Bayer Health-
care) terminal anesthesia, using perfusion fixation (ice-cold PBS followed by
4% PFA). Upon dissection, spinal cords were fixed for an additional 4–6 hr
on ice and cryoprotected by immersion in 30% sucrose/PBS overnight.
For retrograde labeling of motor neurons using f-dex (FITC or tetramethylrhod-
amine-conjugated; Invitrogen), injections were performed as previously
described by targeting specific muscles (Pecho-Vrieseling et al., 2009).
Immunohistochemistry and Imaging
Antibodies used in this study were as follows: chicken anti-GFP (Invitrogen),
rabbit anti-Chx10 (Arber et al., 1999), guinea pig anti-fluorescein (Vrieseling
and Arber, 2006), guinea pig anti-vGlut1 (Chemicon), goat anti-ChAT (Chemi-
con), goat anti-LacZ (Biogenesis), goat anti-vAChT (Chemicon), mouse
anti-NeuN (Chemicon), rabbit anti-Calbindin (Swant), rabbit anti-Cre (Abcam),
rabbit anti-CGRP (Chemicon), rabbit anti-GFP (Invitrogen), rabbit anti-LacZ
(Invitrogen), rabbit anti-RFP (Chemicon), rabbit anti-tetramethylrhodamine
(Invitrogen), and rabbit anti-vAChT (Sigma). Spinal cords were sectioned using
a cryostat at 40 mm section thickness unless otherwise indicated. Cryostat
sections were processed for immunohistochemistry using primary antibodies
listed above and fluorophore-conjugated secondary antibodies (Invitrogen
and Jackson Laboratories) as described before (Pecho-Vrieseling et al.,
2009). Images were acquired with an Olympus confocal microscope (FV500)
or a custom made dual spinning-disk microscope (Life Imaging Services
GmbH, Basel, Switzerland) that included the following main components:
Olympus BX61 microscope, Yokogawa CSU-X1 confocal scanner, LIS
Medusa synchronization unit, LIS LaserBank (405/491/561/640nm),
Photometrics Cascade II:1024 EMCCD camera, ASI MS-2000 XYZ-stage,470 Neuron 68, 456–472, November 4, 2010 ª2010 Elsevier Inc.and MDS Metamorph Software. Images were deconvolved using Huygens
Remote Manager v1.2.3. For quantitative analysis of synaptic input to
motor neurons, IMARIS colocalization tool (version 7) and ImageJ with the
plugin ‘‘Cell Counter’’ (version 2009; Kurt De Vos, University of Sheffield,
Academic Neurology, UK) was employed to assess cholinergic input to motor
neurons, using image stacks acquired at 0.21 mm confocal steps and 603
magnification.
Statistical Analysis
To compare the spatial distribution of premotor neurons across individual
experiments, we computed 2D density estimates (Venables and Ripley,
2002) with a kernel size of 250 3 250. For each 3D data set analyzed by
comparative analysis, this resulted in a set of matrices representing neuron
density sampled at a resolution of 100 times 100. Similarity between two
different conditions was measured by the Pearson correlation coefficient,
using a total of 1002 data points. This analysis was performed for all
experimental pairs, resulting in a matrix of pairwise correlations. Densities,
contour distributions, and box plots were calculated and plotted in ‘‘R project’’
(R Foundation for Statistical Computing, Vienna, Austria, 2005, http://www.
r-project.org). For all box plots shown, the midline indicates the median value,
box limits represent the 25th and 75th percentile, whiskers extend to the most
extreme data point if less than 1.53 the interquartile range from the box, and
outside values are plotted as single points. Kernel densities for contour plots
were estimated using the Kde2D function in the MASS library.SUPPLEMENTAL INFORMATION
Supplemental Information for this article includes three figures and can be
found with this article online at doi:10.1016/j.neuron.2010.10.019.
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